Abstract California Governor's Executive Order (CGEO) S-3-05 requires that California greenhouse gas (GHG) emissions be reduced to 80 % below 1990 levels by the year 2050. Meeting this target will require drastic changes in transportation technology, fuel, and behavior which will reduce criteria pollutant emissions as well as GHG emissions. The improvement to local air quality caused by the reduced criteria pollutant emissions must be calculated to fully evaluate the overall benefits and costs of CGEO S-3-05. In the present study, seven different transportation scenarios that move towards the goals of CGEO S-3-05 in the transportation sector were examined to determine how they would affect future airborne particulate matter (PM 2.5 ) concentrations in California: (1) hydrogen fuel cells, (2) electric vehicles, (3) high efficiency vehicles, (4) public mass transit, (5) biofuels, (6) biofuels + hybrid electric vehicles, and (7) hydrogen fuel cells + electric vehicles. The air quality implications of each scenario were evaluated using a chemical transport model applied during a wintertime stagnation episode representing future climate in California. Scenarios (6) and (7) reduced population-weighted PM 2.5 mass concentrations by~9 % and PM 2.5 elemental carbon (EC) concentrations by~30 % relative to base-case predictions.
1990 levels". CGEO S-3-05 defines a more aggressive goal for GHG reductions compared to AB32, but it is also provides a much longer timeframe to achieve that goal meaning that a broader array of technological solutions are considered feasible to meet the target reductions.
Transportation accounts for 38 % of California's GHG emissions (CARB 2010a, b) and so meeting the targets laid out by CGEO-S-3-05 will require drastic changes in transportation technology, fuel, and/or travel behavior. In most cases, these changes will have the added cobenefit of reducing emissions of criteria pollutants (carbon monoxide -CO, oxides of nitrogenNOx, oxides of sulfur -SO X , reactive organic gases -ROG, airborne particulate matter -PM). Previous studies suggest that the air quality benefits of climate mitigation strategies may be appreciable (Nemet et al. 2010) , especially when considering health benefits from reduced PM 2.5 exposure Woodcock et al. 2009; Markandya et al. 2009; Friel et al. 2009; Haines et al. 2009 ). These factors may reduce the overall cost of GHG mitigation policy (Organisation for Economic Co-operation and Development 2009; Netherlands Environmental Assessment Agency 2009).
Previous studies have investigated scenarios that achieve significant greenhouse gas reductions for California in 2050. Yang et al. analyzed various transportation scenarios and found that a combination of transportation strategies will achieve deeper greenhouse gas reductions than one "silver bullet" approach (Yang et al. 2009 ). The California Council on Science and Technology concluded that aggressive efficiency and enhanced electrification will be necessary in the transportation sector to achieve substantial GHG reductions (California Council on Science and Technology May 2011). McCollum (McCollum et al. 2012) found a 36 % GHG reduction in 2050 was more economical than a 80 % reduction from the transportation sector because it was more economical to increase energy efficiency, electrification, and increase renewable electricity generation in other sectors. McCollum et al determined the optimum low-cost mix of alternative fuels in the transportation sector to be 28 % biofuels, 8 % hydrogen and 2 % electricity. The "fair share" target of an 80 % reduction in GHG emissions from the transportation sector used in the current study results in much higher adoption of alternative fuels. None of these previous studies fully analyzed the criteria pollutant emission changes nor the air quality co-benefits from these transportation scenarios.
The goal of the current study is to compare air quality changes under seven different strategies for meeting the "fair share" targets of nearly 80 % GHG reduction under CGEO-S-3-05 in California's transportation sector in 2050. The strategies analyzed include advanced, electric, or alternative fueled vehicles or transportation mode shifts. Criteria pollutant emissions are developed for each scenario and a photochemical model is used to evaluate ground level concentrations of PM2.5 mass and chemical components during a simulated multi-week pollution episode representing future climate in California.
It is important to note that these scenarios are focused on the transportation sector. Strategies for other economic sectors such as land use change and mitigating long lived high global warming potential (GWP) gases such as methane may also reduce greenhouse gas emissions and thus climate change. The air quality co-benefits associated with several of these strategies are analyzed in Part 1 of the current study.
Methods

Basecase emissions inventory
Raw emissions inventories for the year 2029 were produced by the California Air Resources Board (CARB) and the South Coast Air Quality Management District (SCAQMD). The general features of this inventory are described in Part 1 of the current study (Zapata et al. 2012) . In the present analysis for CGEO-S-3-05, the basecase emissions inventory was extended from the year 2029 to the year 2050 using a growth factor associated with increased population or economic expansion and a control factor representing improved emissions control technology according to the equation:
Growth factors between 2029 and 2050 were calculated using changes in population projected by the California Department of Finance (Population Projections by Race/ Ethnicity for California and Its Counties, 2000 -2050 . Control factors between 2029 and 2050 were generally set to 1.0 since all existing official controls are included in the 2029 inventories as part of the State Implementation Plan (SIP) to ensure compliance with the National Ambient Air Quality Standards (NAAQS) in the year 2030. The development of additional emissions controls to strictly maintain NAAQS compliance in the presence of upward population pressure between 2029 and 2050 was beyond the scope of the current project. Exceptions to this rule included a complete ban on wood combustion for residential heating during winter months, and the incorporation of diesel particulate filters (DPFs) with 90 % efficiency for all on-road diesel engines. The San Joaquin Valley Air Pollution Control District currently calls for voluntary no-burn days during periods of winter stagnation events such as the episode analyzed in the present study. The policy is greatly effective at reducing PM 2.5 concentrations. We expect this measure to be incorporated into control programs by the year 2050. The ratio of NO 2 /NO emissions was doubled for diesel engines to account for the effects of the DPFs (Millstein and Harley 2010) .
The general assumption behind the use of population growth as a surrogate for changes to emissions is that most residential, commercial, and industrial activity scales either directly or indirectly with population. The direct effects of population on residential emissions are obvious since increased population leads to increased numbers of households that all have associated emissions. Increased population also leads to secondary effects such as increased demand for consumer products, which spurs commercial and industrial activities. Factors such as land-use policies that govern the growth of cities will result in non-uniform emissions growth in the future . A rigorous analysis of these factors for the year 2050 at 4 km resolution was beyond the scope of the current chapter and so emissions growth patterns were resolved at the county level. County-specific growth factors were calculated for all residential emissions categories based on population growth projections within each county. Countyspecific growth factors were also applied to commercial and industrial sources with the exception of boats/ships and locomotives that were scaled based on statewide population growth factors. A complete list of the growth factors assigned for each county is shown in the SI.
A number of emissions categories were judged to be relatively constant and were not scaled to account for population growth between 2029 and 2050. These constant sources included military activities, fugitive/windblown dust, agricultural dust, and unplanned/wildfires. Recent studies have indicated that climate change may influence the frequency and severity of wildfires (Flannigan and Vanwagner 1991; Fried et al. 2004; Stocks et al. 1998; Westerling et al. 2006) , but a rigorous analysis of this issue was beyond the scope of the current study.
Scenario creation
Transportation scenarios designed to achieve the goals of CGEO-S-3-05 using new and emerging technologies have been developed previously under the Sustainable Transportation Energy Pathways Studies (STEPS) (steps.ucdavis.edu). Each scenario was created using the Long-term Evaluation of Vehicle Emission Reduction Strategies (LEVERS) model (Yang et al. 2009 ) which predicts the CO 2 emitted by transportation sources according to the equation:
where transport/person is the average transportation demands for an individual (e.g. miles/ person), energy/transport is the vehicle fuel consumption (e.g. MJ/mile), and carbon/energy is the carbon intensity of the fuel (e.g. MgCO 2 /MJ). A modified version of the Argonne National Laboratory's Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) model (California Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) Model 2007) was used to determine the carbon intensity needed in Eq. 2. GREET calculates carbon intensity using a life-cycle analysis that includes a "well to pump" stage (GHG emissions due the production, transportation, distribution and storage of the fuel) and a "pump to wheel" stage (GHG emissions from vehicle fueling, evaporation, and tailpipe emissions). The 'well to pump" stage typically account for <20 % of GHG emissions for a fuel.
Seven scenarios generated by the LEVERS model were chosen for intensive air quality analysis in the present study: five "single approach" scenarios using one new technology/ behavioral change to reduce CO 2 , and two "combination" scenarios that each used two new transportation technologies (Table 1 ). Scenario 0 is the BAU case in which no changes are made to California's transportation sector besides the requirements of population change and currently enacted state laws other than CGEO S-3-05. Market penetration of new technology/behavioral changes was limited to realistic levels which prevented "single approach" scenarios 1-5 from actually reaching the target of 80 % GHG reductions [Yang et al. 2009 ]. Combination scenarios 6 and 7 within the transportation sector met the GHG goals of CGEO S-3-05 within the constraints of feasible market penetration [Yang et al. 2009 ]. It should be noted that none of these scenarios is an actual prediction of future conditions, but each scenario does provide a basis for comparison between different strategies that can move us towards the goals of CGEO S-3-05 within realistic constraints. The detailed technology adoption within each scenario is defined in SI Table S2 . Table 2 summarizes the electricity generation, biofuel production, and hydrogen production mix assumed for the each scenario based on the analysis performed by Yang et al (Yang et al. 2009 ). Hydrogen production facilities were located at existing hydrogen merchants (U.S. Department of Energy 2011), hydrogen producing refineries, (U.S. Department of Energy 2011), existing natural gas power plants (California Energy commission 2012), or highest capacity solid waste landfills (California Department of Resources Recycling and Recovery 2011). Coal gasification plants were assumed to be located at currently existing coal power plants in California (California Energy commission 2012). The emissions from each facility were determined based on the fuel throughput and pollutant emission rates within GREET2007.
Liquid biofuels are assumed to displace some fraction of petroleum fuels in transportation because they reduce carbon intensity and they require only minor changes to conventional and advanced internal combustion and jet engines (Yang et al. 2009 ). Each fuel pathway explored in the current study is expected to be technologically mature prior to 2030. The lifecycle GHG emissions from biofuels are highly uncertain due to the range of assumptions that are needed to describe emissions associated with the conversion of agricultural land to fuel production crops and the transportation of those crops to fuel production facilities. It is possible that the tank-to-wheels GHG benefits from biofuel use for the transportation sector may be offset by lifecycle well-to-tank GHG emissions (Delucchi 2006) . The land use change associated with biofuels production may be significant in scenario 5, but the resulting influence on surface roughness, atmospheric stability, and lifecycle emissions of criteria pollutants was not explicitly modeled. The possible implications of increased lifecycle emissions from biofuels are explored in Section 3.3 as a sensitivity analysis in the current study.
Scenario scaling factors for criteria pollutants
Criteria pollutant scaling factors were developed for each combination of technology and transportation sector by relating criteria pollutant emissions to GHG emissions. The first step in this process used the LEVERS model to relate the CO 2 emissions in the year 2050 to CO 2 emissions in the year 1990 for each transportation sector. The ratio of these two emissions values, shown as f CO2 in Eq. 3, represents the factor that accounts for population growth, altered efficiency, and shifts between technology categories between 1990 and 2050.
Table 3 presents f CO2 values for each transportation sector under each of the scenarios examined in the present study. It is informative to consider the driving forces for changes to f CO2 under different scenarios and how those same driving forces would affect criteria pollutant emissions. Scenarios 1, 2, and 7 have decreased f CO2 relative to scenario 0 primarily because adoption of hydrogen fuel cell vehicles or electric vehicles with zero tailpipe emissions displaces a fraction of the conventional fleet. Criteria pollutant emissions would also be displaced by the adoption of these new technologies, meaning that the criteria pollutant scaling factors will be very similar to f CO2 . Likewise, Scenario 4 achieves reductions in GHG emissions by displacing some amount of conventional LDV traffic with public transit systems concentrated in the conventional HDV sector. Since this scenario involves only minor technology updates, the criteria pollutant scaling factors are essentially equivalent to f CO2 for this scenario. Mode shifting in scenario 4 is based on the analysis performed by Yang et al. 2008 . Similar arguments can be made for Scenario 3, since the adoption of high efficiency vehicles mainly occurs through reductions in vehicle weight using the same basic engine technology or the limited adoption of hybrids for certain diesel technologies. Based on these trends, the scaling factors developed for criteria pollutant emissions will be very similar to f CO2 for Scenarios 1, 2, 3, 4, and 7. The emissions scaling factors applied to NO x , ROG, and PM emissions in these scenarios are calculated as (f CO2 _scenario_"i"/ f CO2 _scenario_0) with values summarized in Table 3 . Note that f CO2 _scenario_"i"/f CO2 _scenario_0 doesn't capture the entire lifecycle of fuel production and use. The changes to the "well to pump" criteria pollutant emissions under the biofuel scenarios (5 and 6) require consideration of additional biofuel refineries in California to meet increased demand for biofuels. CARB staff estimated that six facilities producing corn ethanol, eighteen facilities producing cellulosic ethanol, and six facilities producing biodiesel would be needed to meet the increased biofuel demand inherent in the requirements of AB32 (Proposed Regulation to Implement the Low Carbon Fuel Standard. Volume I. Staff Report: Initial Statement of Reasons 2009). Even greater amounts of biofuel are required under CGEO S-3-05 scenarios 5 and 6 due to increased adoption of biofuels by 2050. In the present study, the location and type of biofuel production facility was taken from the AB32 analysis (Proposed Regulation to Implement the Low Carbon Fuel Standard. Volume I. Staff Report: Initial Statement of Reasons 2009), but the production capacity of each facility was scaled upwards in proportion to the increased fuel demand associated with CGEO S-3-05.
The changes to the "pump to wheel" NO x , ROG, and PM emissions under the biofuel scenarios (5 and 6) are also more difficult to calculate compared to other scenarios because adoption of biofuels may have differential effects on each criteria pollutant emission. The criteria pollutant emissions for each technology sector must therefore account for both the changes in activity levels (using f CO2 as a first order scaling factor) and changes in emissions rates (g mile −1 biofuel/g mile −1 conventional). Table S3 Table S3 can be multiplied into (f CO2 _scenario_"i"/ f CO2 _scenario_0) to create scaling factors appropriate for Scenarios 5 and 6. These scaling factors are summarized in Table 3 .
lists the average ratio of PM and NOx emissions factor for biofuel vehicles divided by conventional vehicles (A Comprehensive Analysis of Biodiesel Impacts on Exhaust Emissions 2002). The dimensionless values presented in
In addition to the tailpipe and evaporative emissions scaling factors summarized in Table 3 , scaling factors appropriate for tire wear and brake wear were needed for Scenario 4 since the vehicle miles traveled (VMT) in the public mass transit scenario is altered compared to the BAU case. The ratio of VMT in Scenario 4 vs. Scenario 0 was calculated directly using output from the LEVERS model describing the average miles traveled per person in each scenario. This calculation yielded scaling factors of 0.46 for LDV and 2.2 for HDV for tire wear and break wear in Scenario 4. Table 4 summarizes changes in the statewide fine particulate matter primary emissions (PM 2.5 ) between Scenario 0 (BAU) and each of the seven technological/behavioral change scenarios. Primary PM 2.5 emissions from on-road diesel vehicles, trains, and gasoline vehicles decrease in all scenarios relative to the BAU case. The greatest emissions reductions generally occur in scenarios 6 and 7. Emissions associated with electricity generation only increase under the scenarios involving increased usage of electric vehicles for obvious reasons. Further details of changes to NOx and VOC emissions are summarized in Tables  S4 and S5 . NOx and VOC emissions generally decrease from all sources categories in all scenarios with the exception of train emissions in Scenario 4 (PMT).
Emission changes
Air quality modeling
The details of the configuration and application of the UCD air quality model are identical to those described in Part 1 of the current study (Zapata et al. 2012 ). Very briefly, the impact of CGEO-S-3-05 on airborne particulate matter concentrations was examined during a future winter stagnation event identified by downscaling GCM results to the local scale ). The UCD source-oriented air quality model was configured to track primary and secondary PM in 15 logarithmically scaled size bins from 0.01 μm to 10.0 μm. All major atmospheric processes were considered including emissions, transport, gas phase photochemical reactions, gas-to-particle conversion, and deposition to the earth's surface. For a brief description about the inherent non-linearities involved with atmospheric chemistry see the Part #1 manuscript Section 1. Results were averaged over the final 12 days of the simulation to avoid artifacts from initial conditions. The selected episode represents an extreme event with the highest PM2.5 mass concentrations observed in California during a future climate simulation . Additional episodes have been simulated spanning an annual average using the AB32 emissions scenario conducted by (Zapata et al. 2012 ) and the results are consistent with the analysis for the extreme episode. Figure 1a shows maximum predicted BAU concentration reach 40-46 μg m −3 in the San Joaquin Valley (SJV) with similar high concentrations near Stockton and San Francisco. Predicted BAU PM 2.5 concentrations in the South Coast Air Basin (SoCAB) surrounding Los Angeles had a maximum <30 μg m −3 because wind speeds and mixing depths were higher in southern California during the simulated stagnation episode. Figure 1b through f illustrate the difference between BAU and Scenarios 1-6 with decreased concentrations 100 % 111 % 100 % 100 % 100 % 100 % 104 % illustrated in blue and increased concentrations illustrated in red. Figure 1b shows a maximum decrease between Scenario 0 (BAU) and Scenario 1 (Hydrogen fuel cell) of ΔPM 2.5 0−3.9 μg m −3 in San Francisco with wide areas in the SJV where ΔPM 2.5 0−2.0 to −3.0 μg m −3 and approximate reductions of 0.5-1.0 μg m −3 through the SoCAB surrounding Los Angeles. This translates to a~6 % reduction in PM 2.5 concentrations in most of the major population centers in California due to the wide spread use of hydrogen fuel cell vehicles and associated reductions in tailpipe emissions. Scenario 2 -electric vehicles Fig. 1 Impact of CGEO-S-3-05 on 12-day average fine particulate matter (PM 2.5 ) concentrations (μg m −3 ) in CA during a simulated winter stagnation episode in 2050. Panel (a) shows BAU concentrations while panels (b) -(h) show differences relative to the BAU case for: b hydrogen fuel cell, c electric vehicle, d highefficiency vehicle, e public mass transit, f biofuel, g biofuel + hybrid electric vehicle and (h) hydrogen fuel cell + electric vehicle scenarios. Decreased concentrations are shown in blue while increased concentrations are shown in red. a BAU PM 2.5 concentrations (b) scen1 -scen0 (H 2 fuel cell) (c) scen2 -scen0 (electric vehicles). d scen3 -scen0 (high-efficiency) (e) scen4 -scen0 (PMT) (f) scen5 -scen0 (biofuel vehicles). g scen6 -scen0 (S-3-05 biofuel) (h) scen7 -scen0 (S-3-05 electric) (Fig. 1c) produces spatial patterns for PM 2.5 change that are similar to those found in Scenario 1 -hydrogen fuel cells. Scenario 2 produced a maximum PM 2.5 reduction of 3.7 μg m −3 in San Francisco, a reduction ranging from 1 to 2 μg m −3 across broad regions of central California, and a more modest reduction of 0.5-1 μg m −3 in the SoCAB. Increased PM 2.5 concentrations of~3 μg m −3 are predicted in the immediate vicinity of an electricity generating station near Monterey due to the higher demand for electricity associated with the electric vehicle scenario.
Results
Episode average PM 2.5 concentrations
Scenarios 3-7 produce a maximum reduction in PM 2.5 mass concentrations ranging from 8.9 to 13.6 μg m −3 localized around a United States naval air station on the border between Fresno and Kings County. Emissions from military vehicles are subject to the same regulations as civilian vehicles in California but military vehicles are typically given a longer time period to implement these emissions controls. In the present study, emissions from military aircraft are assumed to be governed by the aircraft scaling factors summarized in Table 3 . The air pollution episode simulated in the current study is characterized by very low wind speed in the SJV, especially in the central portion of the SJV around the naval air station, leading to a magnification of the relationship between emissions and PM 2.5 concentrations in this region. The emissions scaling factors of <0.5 associated with aircraft in Scenarios 3-7 (Table 3) therefore have a large effect on simulated ambient PM 2.5 concentrations. The maximum reductions of 8.9-13.6 μg m −3 are localized over a 24×24 km area around the air station with a broader region (approximately 100×100 km) experiencing reductions of 2-5 μg m −3 depending on the level of aircraft control specified in Table 3 . Similar patterns of localized reductions in PM 2.5 concentrations are predicted around an air force base on the border between Kern and Los Angeles County and around airports in San Francisco and Oakland but the effects are muted because these locations are not subject to the same level of stagnation during the simulated episode. The population near the naval air station is relatively sparse which minimizes the uncertainty in population-weighted exposure due to this issue.
The reduction in PM 2.5 concentrations outside the zone of influence for any airport ranges from 1 to 3 μg m −3 in Scenarios 3-5 depending on the details of the on-road motor vehicle scaling factors. Scenario 3 -high efficiency vehicles, reduces PM 2.5 mass concentrations by 1-2 μg m −3 across the SJV with more modest reductions of 0.5-1 μg m −3 in the SoCAB. Scenario 4 -Public Mass Transit (Fig. 1e) reduces PM 2.5 concentrations by 1-2 μg m −3 in both the SJV and SoCAB. Scenarios 5 (biofuel) reduces PM 2.5 concentrations by approximately 1-2 μg m −3 in the San Joaquin and Sacramento Valleys with reductions up to 5 μg m −3 in San Francisco. The degree of PM 2.5 reduction associated with Scenario's 3-5 is limited by technology penetration or the adoption of public transit as a viable transportation mode. Scenario 6 (Fig. 1g ) and Scenario 7 (Fig. 1h) produce greater levels of GHG control and associated PM 2.5 reduction by combining technology approaches to achieve greater levels of marketplace turnover without pushing any single technology to unrealistic levels of market penetration. Maximum PM 2.5 reductions are once again attributed to aircraft controls (military and commercial) but more regionally, Scenarios 6 and 7 reduce PM 2.5 concentrations by 1.5-2.5 μg m −3 in the SJV and Sacramento Valley with reductions close to 1 μg m −3 in the SoCAB. Table 1 (Fig. 1) , the population-weighted concentration was 9.5 μg m −3 for California as a whole and 13.1 μg m −3 and 16.2 μg m −3 for the SV and SJV, respectively. The population-weighted concentration in the SoCAB was 6.5 μg m −3 . The relative ranking of air basins is consistent across all five scenarios with the SJV and SV having the highest population-weighted concentrations and the SoCAB having the lowest population-weighted concentrations due to the meteorological patterns experienced during the study episode.
"Combined approach" scenarios 6 and 7 produce the lowest PM 2.5 mass concentrations in all regions. "Single approach" technology/behavioral change scenarios generally produce slightly higher PM 2.5 concentrations because they do not achieve the same level of emissions reduction as the "combined approach" scenarios (see previous discussion about market penetration). Elemental carbon generally experiences the largest relative reduction (30-40 %) in response to the CGEO S-3-05 scenarios with the exception of the PMT scenario which produces little change in population-weighted EC concentrations. Population-weighted nitrate (NO 3 − ) and ammonium (NH 4 + ) concentrations generally decrease by 10-30 % for all scenarios except the PMT scenario which experiences higher NO x emissions from public transit sources. Reductions in PM 2.5 organic carbon (OC) generally range from 5-10 % for all scenarios, while reductions in sulfate (SO 4 2+ ) are generally less than 5 %. Figure 3 illustrates the change in the population-weighted PM 2.5 source contributions associated with each emissions scenario (relative to BAU) using the same format as Fig. 2 . Results are available for eight primary PM source categories based on the configuration of the UCD-CIT emissions processing system: biomass burning, trains, farm vehicles, other diesel vehicles, gasoline vehicles, aircraft, electric generation, and miscellaneous sources not included in the previous categories. The general arrangement of source categories by vehicle type was chosen to correspond to the transportation goals of CGEO S-3-05. The "miscellaneous" and "biomass burning" source categories show very little change in any scenario relative to BAU conditions. This consistency reflects the fact that the CGEO S-3-05 control strategies did not target primary PM sources in these categories. The PMT scenario 4 produces an increase in population-weighted exposure to train emissions by >75 %. The only other source type experiencing a minor increase (<3 %) in population-weighted concentrations is electricity generation during scenarios 2 and 7. Population-weighted concentrations of primary PM from trains, farm equipment, other diesel engines, gasoline engines, and aircraft otherwise experience decreases ranging from 25 to 100 % in response to CGEO S-3-05 emissions controls.
Sensitivity analysis
The upstream emissions associated with the adoption of new transportation fuels have the potential to offset some of the air quality benefits associated with reduced tailpipe emissions. Several sensitivity cases were analyzed to quantify the potential magnitude of these effects: (a) hydrogen refining emissions in Scenarios 1 and 7 were replaced with basecase petroleum refining emissions (negligible shift in population weighted PM2.5 concentrations), (b) basecase NOx emissions from on-road diesel engines were doubled to account for an extreme estimate of lifecycle emissions from biofuel production (decreases the population-weighted benefits of the biofuel scenarios illustrated in Fig. 3 by~0.4-2 %) and (c) ethanol tailpipe emissions were increased by a factor of 10 to account for an extreme estimate of biofuels utilization on regional pollution (<0.1 % change in population-weighted PM2.5 . The overall conclusions of the current study are not sensitive to these extreme perturbations to the scenarios. Further details are discussed in the SI.
Conclusions
California Governor's Executive Order (CGEO) S-3-05 states that the Greenhouse Gas (GHG) emissions from California must be reduced by 80 % of 1990 levels by the year 2050. Seven possible technological/behavioral change pathways were explored that move towards the goals of CGEO S-3-05 in the current study. The first five "single approach" scenarios were limited by practical levels of market adoption that prevented GHG emissions reductions from reaching the target of 80 % as specified in CGEO S-3-05. The final two "combined approach" scenarios achieved greater reductions of GHG emissions. The criteria pollutant emissions generally mirrored the behavior of GHG emissions and so the PM 2.5 reductions associated with the "combined approach" scenarios were larger than those for "single approach" scenarios. The "single approach" scenarios reduced population-weighted PM 2.5 concentrations across California by 4.2 % to 7.4 %. The combined approach scenarios reduced population-weighted average concentrations by 8.4 % to 9.5 %. The "single approach" public mass transit scenario generally provided the least co-benefits in reduced PM 2.5 concentrations while the "combined approach" biofuel + hybrid electric vehicle scenario generally provided the greatest co-benefits through reduced PM 2.5 concentrations. All scenarios reduced PM elemental carbon (EC) concentrations by the largest amount (30-40 %) and PM sulfate concentrations by the smallest amount (<5 %) with ammonium nitrate and organic carbon (OC) falling between these two extremes.
